Beam-induced radiation effects have been simulated for 20 and 50 GeV muon storage rings designed for a Neutrino Factory. It is shown that by appropriately shielding the superconducting magnets, quench stability, acceptable dynamic heat loads, and low residual dose rates can be achieved. Alternatively, if a specially-designed skew focusing magnet without superconducting coils on the magnet's mid-plane is used, then the energy is deposited preferentially in the warm iron yoke or outer cryostat layers and internal shielding may not be required. In addition to the component irradiation analysis, shielding studies have been performed. Calculations of the external radiation were done for both designs but the internal energy deposition calculations for the 20 GeV Study-2 lattice are still in progress.
MUONRINGS
The energy deposition from beam loss and muon decay has been simulated for 50-GeV Study-l [I] and 20-GeV Study-2 [2] muon storage rings with the M A R S 1 4 ' code [3] . The rings are similar: a racetrack geometry with long, normal-conducting magnets in production straights and short, superconducting (SC) ones in the arcs. The magnets were profiled in detail for the simulations. From these calculations, prompt and residual radiation levels have been determined in the magnets, in the vicinity of the tunnel and at large distances from the complex. In Study-] case, we follow results of Ref. [4] .
The Study-1 parameters and radiation requirements for a 50-GeV muon beam were taken from [ 13. Lattice functions are shown in Fig. 1 . The ring has arcs composed of FODO cells, 9.8 m in length, which use I-m long quadrupoles of strength 45 T/m and 2.4-m long dipoles with a 6T field.
Most recently, the calculations were performed for the Study-2 ring [2] for a muon beam momentum of 20 GeV/c. There are 2 x 1 020 muons per year decaying in the 126-m long production straight. The arcs are 53 meters for 180 degrees, i.e. 16.87-m effective radius. Lattice functions with 60" are shown in Fig. 2 [5]. These optics use skew quadrupole magnets for the main focusing so the the betatron eigenmodes lie along diagonal planes. This choice permits the use of a compact magnet focusing structure. But otherwise dispersion suppression, optics matching and chromaticity correction proceed as normal. The compact arc is important for a BNL site to where much of the ring will be above the existing ground level and will require construction of a covering hill. The BNL off-site limit is 5 mrem/yr, and the BNL drinking water standard requires less than I pCi/ml tritium and 0.2 pCi/ml 22Na. For shieiding calculations, wet soil properties were used with the density of 2.24 g/cm3. For neutrino-induced radiation, the soil density is practically irrelevant, therefore the results are directly applicable to the BNL soil. 
MAGNETS AND DYNAMIC LOSSES
At 50 GeV, the muon decay rate is 2 . 10l2 x 15 x 165 x 3.21 . lop6 = 1.6 . 1O'O decays/m/s. The beam's spatial and angular distributions are simulated using a rms transverse emittance of 3 5 0 0~ mm-mrad and a rms A p / p of 1%. Muon decay, p-+evij, is characterized in the code using the exact decay kinematics. The decay electrons and, also, the synchrotron photons subsequently emitted by these electrons, eventually travel outside the machine aper-Proceedings of the 200 I Particle Accelerator Conference, Chicago ture and induce electromagnetic showers which then propagate through the lattice elements. These showers are fully simulated with M A R S 14 so that the corresponding heat load deposited in the magnets can be calculated along with the radiation fields generated in the tunnel and surrounding areas. Details of the power density distribution in the SC magnet components are essential to determining the quench stability of the magnets and the potential impact on the machine operation. The corresponding heat load delivered to the magnets also specifies the cooling requirements for the ring, both in water and cryogenic capability.
The magnet design proposed in Study-2 for the 20-GeV ring has racetrack coils with an open mid-plane (Fig. 3 
RADIATION IN ARC MAGNETS
In Study-1 design with its cosine-theta magnet design, a 240-kW circulating muon beam and a 1750-m circumference, 84 kW of power is dissipated in the ring at 50 GeV, or 47.8 Watts per meter on average. Calculations show that most of this power must be intercepted by a tungsten tube inserted in the SC magnet.bore. Longitudinaldistribution of both power density and power dissipation oscillate periodically along the length of the arc cell. From Fig. 4 , which is the case with bent dipoles (dipoles with a sagitta) and a 1-cm thick tungsten bore tube, it can be seen that 90% of the power is dissipated in the protective bore tube and only about 10% of power is dissipated in the SC coils. The power density peaks in the orbit plane exhibiting a strong azimuthal variation for the case with bent dipoles and an eccentric tungsten bore tube. Table 1 compares the effect of a bore tube made of different materials. Due to the electromagnetic origin of energy deposition, the heavier material, the more localized the showers. With a tungsten liner, the induced activation and therefore the residual dose rates on the magnets meet the criteria for hands-on maintenance: 13,6, 5 and 3 pSv/hr on liner, SC coil, He vessel and outer vessel, respectively, after 30 day irradiation and 1 day cooling. Peak power density in SC coils is noticeably higher in a straight dipole (Table 2 , first line) compared to a bent one (rest of Table 2 ). Furthermore, since decay electrons are swept to the inward side of the dipole, thickening that side of the bore tube is particularly effective in reducing the power dissipated in the magnets. The combination of a bent dipole and an eccentric tungsten bore reduces peak power density in the SC coils (quench stability) and dynamic heat load to the arc magnets (cryogenic heat capacity) to the tolerable levels of Pmaz 5 l mW/g and P , , , 5 10 W/m, respectively table^ 2). An eccentric tungsten shield can be made of a I-mm thick stainless steel pipe (100x80 mm elliptical aperture) and a 1-mm thick stainless steel pipe (1 22 x 102 mm elliptical aperture) shifted inward by 5 mm with a space between filled with a tungsten-like material.
With such a tube, the peak power density in the coil is only 0.15 mW/g, with the peak power dissipation in the bore tube (nitrogen temperature) and the rest of the magnet (helium temperature) about 90 and 9 W/m, respectively. Averaged over the arc length the values are approximately a factor of two lower than the peak.
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RADIATION AROUND TUNNEL
It is found that the normal occupancy limit of 0.25 mWhr in the underground facilities (electronics rooms etc) is met with 2 to 2.5 m of dirt shielding below, above, and radially inward from the arc tunnel enclosure walls. Six to seven meters of such a shielding is needed to meet this limit radially outward from the ring, and 2 to 2.5 m around the straight tunnels. Conveniently, power supply rooms and other underground enclosures should be placed on the inward side of the arc tunnel permitting unlimited occupancy even during machine operation. For ground-water protection, there should be no water flow through the nearest to the tunnel 1.5-m of soil in the above shielding. The decay neutrinos are propagated through the dirt surrounding the tunnel, where they interact, and create daughter showers which produce radiation at very large distances [7] . The off-site limit of 10 mrem/yr or 0.1 mSv/yr in the Study-] ring is reached at 50 m radially outward from the beam's orbit (Fig. 5) , while in the Study-2 ring (5 mrem/yr) it is reached at 30 m radially outward (Fig. 6) .
The height of the radiation disk reaches only & 10 cm above and below the orbit plane.
Neutrino-induced radiation downstream of the straight sections is more severe than from the arcs. The off-site limits are only met after 4.2 km and 1.3 km for 50 GeV and 20 GeV muon storage rings, respectively. The maximum half-widths of an off-site limit isocontours are 4.3 m and 2 m, respectively. For ground-water protection downstream the straight sections, one needs about 3 m immediately downstream. Neutrino-induced activation is below the BNL limits by a factor of 800 for tritium and even lower for 22Na at maximum.
CONCLUSIONS
The radiation load to the SC coils of the arc magnets due to muon beam decays is reduced to the levels acceptable for quench stabilityby a tungsten eccentric bore tube (Study-1), and drastically minimized by choosing the open mid-plane magnet (Study-2). The shielding parameters found in this work ensure that both sites, Fermilab and BNL, are satisfactory for a Neutrino Factory from a radiation point of view.
